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WIMP dark matter

Baudis, Profumo, Particle Data Group (2020)
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The Higgs portal WIMP

Figure from Arcadi, Djouadi, Raidal, arXiv:1903.03616
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❖ The Higgs portal is only open right on 
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2m� ⇡ mh

❖ WIMP that interacts with the SM through the Higgs portal
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❖ The Higgs portal is only open right on the resonance

The Higgs portal WIMP
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Opening the Higgs portal
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❖ Is there some way to 

increase the parameter 
space that benefits from 
resonant enhancement?
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Opening the Higgs portal
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❖ Is there some way to 
increase the parameter 
space that benefits from 
resonant enhancement?
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) m�(T )

❖ Dark matter that remembers 
the resonance:

❖ Temperature-dependent 
mass

Heurtier, Partouche, 
arXiv:1912.02828Cohen, Morrissey, Piece, arXiv:0808.3994

Baker, Kopp, arXiv:1608.07578
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Resonance scanning
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❖ Higgs portal dark matter 
whose mass decreases 
with decreasing 
temperature

❖ The dark matter mass 
generically scans 
through the resonance 
at some point in its 
history

❖ Dark matter obtains its final light mass after 
losing contact with the thermal bath

(all quantities plotted are in GeV)

Croon, Elor, RH, Murayama, White 
arXiv:2012.152
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❖ The morphon then morphs the dark 
matter mass
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❖ Dirac fermion dark matter with typical Higgs portal interactions
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❖ The dark matter couples to a 

pseudoscalar pi called the morphon
<latexit sha1_base64="JcJJBv8C5/x42NTZ21B6DTtMZb8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V013YfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxTajkM=</latexit>

�

Morphing the dark matter mass

<latexit sha1_base64="t8BfvUqhkNYRYgyTD3+if3liXFw=">AAACAHicbZC7SgNBFIbPxluMt1ULC5vBICRN2BVFGyVoYxkhN0iWZXYymwyZvTAzGwhLGl/FxkIRWx/DzrdxkqygiT8MfPznHM6c34s5k8qyvozcyura+kZ+s7C1vbO7Z+4fNGWUCEIbJOKRaHtYUs5C2lBMcdqOBcWBx2nLG95N660RFZJFYV2NY+oEuB8ynxGstOWaRyO3Gw9YqV5GN+iHr62yaxatijUTWgY7gyJkqrnmZ7cXkSSgoSIcS9mxrVg5KRaKEU4nhW4iaYzJEPdpR2OIAyqddHbABJ1qp4f8SOgXKjRzf0+kOJByHHi6M8BqIBdrU/O/WidR/pWTsjBOFA3JfJGfcKQiNE0D9ZigRPGxBkwE039FZIAFJkpnVtAh2IsnL0PzrGJfVKyH82L1NosjD8dwAiWw4RKqcA81aACBCTzBC7waj8az8Wa8z1tzRjZzCH9kfHwD7mSUrg==</latexit>

v�(T ) > v�(T = 0)

<latexit sha1_base64="jjthpFPB40SL5g91lFA9selAh4Q="></latexit>

V 3 1

2
m��̄�+

1

2
�h�h�̄�+ iy����̄�5�

<latexit sha1_base64="W2qUFathC6ml3+bs5MZk0Or+XMA="></latexit>

m2
�(T ) = [m�,0 + �h�vh]

2 + y2�v
2
�(T )



Rachel Houtz August, 2021

❖ The morphon couples to the Ricci scalar

Ricci morphon
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Sonego, Faraoni (1993)
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Davoudiasl, Kitano, Kribs, Murayama, 
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and the trace anomaly gives:
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Tµ
µ 6= 0 scale invariance
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Sources of breaking scale invariance
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❖ Running couplings

❖ Mass thresholds/decoupling

❖ QCD confinement
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DM morphing:
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❖ We can estimate R based 
on the perturbative running 
of the couplings
Davoudiasl, Kitano, Kribs, Murayama, 
Steinhardt, hep-ph/0403019



Rachel Houtz November, 2021

0.05 0.50 5 50

10-22

10-20

10-18

10-16

T (GeV)

R
(G
eV

)

Ricci evolution

13

Figure from from Caldwell, Gubser, arXiv:1302.1201
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Figure from from Caldwell, Gubser, arXiv:1302.1201

QCD confinement
QCD confinement
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Ricci morphon VEV
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❖ At high temperatures the morphon develops a nonzero VEV:
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(all quantities plotted are in GeV)

Scanning through the resonance
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Relic abundance curve
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❖ Relic abundance mostly controlled by the resonance

<latexit sha1_base64="ahJg/tfLt7stg2Tz810y2sTmb8s="></latexit>

m�,f = 10 GeV
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❖ An example of thermal production, DM enters equilibrium on 
resonance

<latexit sha1_base64="CjVbRIZj2+neHd/62UpkUPc+R6U="></latexit>

m�,f = 40 GeV
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❖ Shaded regions violate : (Top) (Bottom)
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❖ The dark matter mass decreased 
with temperature, scanning through 
the Higgs resonance

❖ New mechanism for light dark 
matter production

❖ Our production mechanism gives much 
smaller portal couplings than the standard 
freeze-out scenario due to both:

❖ History of the resonant enhancement
❖ Behavior of  next a(T) during the PT

<latexit sha1_base64="Hkx6pBF6kUCmxhpMTPDO0scgEYw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKosegF48R8pJkCbOTTjJkdnadmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e4KYsG1cd1vZ2V1bX1jM7eV397Z3dsvHBw2dJQohnUWiUi1AqpRcIl1w43AVqyQhoHAZjC6nfrNJ1SaR7JmxjH6IR1I3ueMGis9yG6Kj5NS7axbKLpldwayTLyMFCFDtVv46vQiloQoDRNU67bnxsZPqTKcCZzkO4nGmLIRHWDbUklD1H46O3hCTq3SI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp96THFTIjxpZQpri9lbAhVZQZm1HehuAtvrxMGudl77Ls3l8UKzdZHDk4hhMogQdXUIE7qEIdGITwDK/w5ijnxXl3PuatK042cwR/4Hz+AFUgkBg=</latexit>
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❖ Fifth force constraints: phi h mixing forbidden 
<latexit sha1_base64="L8/X0dY3nuq5zaQe2FtfNNjT0eQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbArih6DXjxGMA/ILmF2MpsMmX040xsMS77DiwdFvPox3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x80dZwqxhsslrFq+1RzKSLeQIGStxPFaehL3vKHt1O/NeJKizh6wHHCvZD2IxEIRtFInpsMhIv8CbOzyaBbrthVewayTJycVCBHvVv+cnsxS0MeIZNU645jJ+hlVKFgkk9Kbqp5QtmQ9nnH0IiGXHvZ7OgJOTFKjwSxMhUhmam/JzIaaj0OfdMZUhzoRW8q/ud1UgyuvUxESYo8YvNFQSoJxmSaAOkJxRnKsSGUKWFuJWxAFWVociqZEJzFl5dJ87zqXFbt+4tK7SaPowhHcAyn4MAV1OAO6tAABo/wDK/wZo2sF+vd+pi3Fqx85hD+wPr8ARLckks=</latexit>
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❖ Morphon pair production
<latexit sha1_base64="4uq+PXhbGTqsn5N/N0JtvAxc+4U="></latexit>
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❖ Fifth force constraints: phi h mixing forbidden 
<latexit sha1_base64="L8/X0dY3nuq5zaQe2FtfNNjT0eQ=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgxbArih6DXjxGMA/ILmF2MpsMmX040xsMS77DiwdFvPox3vwbJ8keNLGgoajqprvLT6TQaNvfVmFldW19o7hZ2tre2d0r7x80dZwqxhsslrFq+1RzKSLeQIGStxPFaehL3vKHt1O/NeJKizh6wHHCvZD2IxEIRtFInpsMhIv8CbOzyaBbrthVewayTJycVCBHvVv+cnsxS0MeIZNU645jJ+hlVKFgkk9Kbqp5QtmQ9nnH0IiGXHvZ7OgJOTFKjwSxMhUhmam/JzIaaj0OfdMZUhzoRW8q/ud1UgyuvUxESYo8YvNFQSoJxmSaAOkJxRnKsSGUKWFuJWxAFWVociqZEJzFl5dJ87zqXFbt+4tK7SaPowhHcAyn4MAV1OAO6tAABo/wDK/wZo2sF+vd+pi3Fqx85hD+wPr8ARLckks=</latexit>
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❖ Morphon pair production
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<latexit sha1_base64="BvekLrbrxurvZ5qK9vnUuhoR5Kc=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AnipZBCy0j5AuSEPY2k2TJ3ge7c2I4rrTxr9hYKGLrT7Dz37hJrtDEBwOP92aYmedFUmh0nG8rt7S8srqWXy9sbG5t79i7e3UdxopDjYcyVE2PaZAigBoKlNCMFDDfk9DwRtcTv3EPSoswqOI4go7PBoHoC87QSF37sNptIzxg0gOe0rYWPnXpTKE3UE+7dtEpOVPQReJmpEgyVLr2V7sX8tiHALlkWrdcJ8JOwhQKLiEttGMNEeMjNoCWoQHzQXeS6SMpPTZKj/ZDZSpAOlV/TyTM13rse6bTZzjU895E/M9rxdi/7CQiiGKEgM8W9WNJMaSTVGhPKOAox4YwroS5lfIhU4yjya5gQnDnX14k9dOSe15y7s6K5assjjw5IEfkhLjkgpTJLamQGuHkkTyTV/JmPVkv1rv1MWvNWdnMPvkD6/MH/TOZTg==</latexit>

Tdec ⇠ 1 GeV

Blennow, Fernandez-Martinez, Mena, 
Redondo, Serra, arXiv:1203.5803
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The Higgs portal WIMP Update

Figure from Arcadi, Djouadi, Raidal, arXiv:1903.03616

❖ WIMP that interacts with the SM through the Higgs portal

Figure from Arcadi, Djouadi, Kado, arXiv:2101.02507
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❖ Standard way to calculate 
the evolution of dark 
matter number density:

Gambit Collaboration, 
arXiv:1808.10465

❖ Use the narrow width approximation 
to calculate sign near the resonance 
peak

<latexit sha1_base64="fcDEhcMA0r24ZhMgS/U8WGsxJIE=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEFD0WvXisYD+gCWGy3bRLd5OwuxFKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvDDlTGnH+bYqK6tr6xvVzdrW9s7unr1/0FFJJgltk4QnsheCopzFtK2Z5rSXSgoi5LQbjm8Lv/tIpWJJ/KAnKfUFDGMWMQLaSIF95Ck2FBDkXgjSIyNW1DSw607DmQEvE7ckdVSiFdhf3iAhmaCxJhyU6rtOqv0cpGaE02nNyxRNgYxhSPuGxiCo8vPZ+VN8apQBjhJpKtZ4pv6eyEEoNRGh6RSgR2rRK8T/vH6mo2s/Z3GaaRqT+aIo41gnuMgCD5ikRPOJIUAkM7diMgIJRJvEaiYEd/HlZdI5b7iXDef+ot68KeOoomN0gs6Qi65QE92hFmojgnL0jF7Rm/VkvVjv1se8tWKVM4foD6zPH7PClfY=</latexit>��̄�
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❖ Standard way to calculate 
the evolution of dark 
matter number density:

Gambit Collaboration, 
arXiv:1808.10465

❖ Use the narrow width approximation 
to calculate sign near the resonance 
peak

<latexit sha1_base64="fcDEhcMA0r24ZhMgS/U8WGsxJIE=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEFD0WvXisYD+gCWGy3bRLd5OwuxFKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvDDlTGnH+bYqK6tr6xvVzdrW9s7unr1/0FFJJgltk4QnsheCopzFtK2Z5rSXSgoi5LQbjm8Lv/tIpWJJ/KAnKfUFDGMWMQLaSIF95Ck2FBDkXgjSIyNW1DSw607DmQEvE7ckdVSiFdhf3iAhmaCxJhyU6rtOqv0cpGaE02nNyxRNgYxhSPuGxiCo8vPZ+VN8apQBjhJpKtZ4pv6eyEEoNRGh6RSgR2rRK8T/vH6mo2s/Z3GaaRqT+aIo41gnuMgCD5ikRPOJIUAkM7diMgIJRJvEaiYEd/HlZdI5b7iXDef+ot68KeOoomN0gs6Qi65QE92hFmojgnL0jF7Rm/VkvVjv1se8tWKVM4foD6zPH7PClfY=</latexit>��̄�

Requires thermal averaging
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<latexit sha1_base64="hl1XdDc/IjC3680v30xrVMYcFI0="></latexit>
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❖ The standard thermal averaging procedure is slow where 
the cross section varies rapidly near the resonance

❖ Near resonance, change variables
<latexit sha1_base64="k5rrj8Ikc0RMdvDw33Dq7U4oOC8=">AAACCnicbZDNSgMxFIUz9a/Wv6pLN9EiCEKZEUU3guhClxWsFjpjuZOmbTDJDMkdoRTXbnwVNy4UcesTuPNtzNQu1Hoh5OOce0nuiVMpLPr+p1eYmJyaninOlubmFxaXyssrlzbJDON1lsjENGKwXArN6yhQ8kZqOKhY8qv45iT3r265sSLRF9hPeaSgq0VHMEAntcrrlh5S1epd79Dt/KbhKSgFOSDokCO0yhW/6g+LjkMwggoZVa1V/gjbCcsU18gkWNsM/BSjARgUTPK7UphZngK7gS5vOtSguI0Gw1Xu6KZT2rSTGHc00qH6c2IAytq+il2nAuzZv14u/uc1M+wcRAOh0wy5Zt8PdTJJMaF5LrQtDGco+w6AGeH+SlkPDDB06ZVcCMHflcfhcqca7FX9893K0fEojiJZIxtkiwRknxyRM1IjdcLIPXkkz+TFe/CevFfv7bu14I1mVsmv8t6/AEyYmMc=</latexit>

s = m2
h +mh�h tan ⌘

❖ Sign is flat in et near the peak, but varies rapidly away from 
the resonance peak

❖ Break up the integral and switch sampling in each variable

<latexit sha1_base64="wYfvviWs6I5R/5dBG2ywaku+C7M=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSnyMdVGtu3Z2DrBKvIDUo0BxUv/rDmKURV8gkNabnuQn6GdUomOSzSj81PKFsQke8Z6miETd+Nr91Rs6sMiRhrG0pJHP190RGI2OmUWA7I4pjs+zl4n9eL8Xwxs+ESlLkii0WhakkGJP8cTIUmjOUU0so08LeStiYasrQxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AAo0jjw=</latexit>⌘
<latexit sha1_base64="3iNnLFUcEwe2lWZMRv+jF/f2DWY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMh81hnZgNhyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6m/mtMdWGKfloJwkNBR5IFjOCrZPaXcMGAqNxr1zxq/4caJUEOalAjnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6LXVTQxNMRnhAO45KLKgJs/m9U3TmlD6KlXYlLZqrvycyLIyZiMh1CmyHZtmbif95ndTGN2HGZJJaKsliUZxyZBWaPY/6TFNi+cQRTDRztyIyxBoT6yIquRCC5ZdXSfOiGlxV/YfLSu02j6MIJ3AK5xDANdTgHurQAAIcnuEV3rwn78V79z4WrQUvnzmGP/A+fwDP8I/R</latexit>�v
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s = m2
h +mh�h tan ⌘

❖ Sign is flat in et near the peak, but varies rapidly away from 
the resonance peak

❖ Break up the integral and switch sampling in each variable

<latexit sha1_base64="wYfvviWs6I5R/5dBG2ywaku+C7M=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSnyMdVGtu3Z2DrBKvIDUo0BxUv/rDmKURV8gkNabnuQn6GdUomOSzSj81PKFsQke8Z6miETd+Nr91Rs6sMiRhrG0pJHP190RGI2OmUWA7I4pjs+zl4n9eL8Xwxs+ESlLkii0WhakkGJP8cTIUmjOUU0so08LeStiYasrQxlOxIXjLL6+S9kXdu6q7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AAo0jjw=</latexit>⌘
<latexit sha1_base64="3iNnLFUcEwe2lWZMRv+jF/f2DWY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOSJcxOZpMh81hnZgNhyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6m/mtMdWGKfloJwkNBR5IFjOCrZPaXcMGAqNxr1zxq/4caJUEOalAjnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6LXVTQxNMRnhAO45KLKgJs/m9U3TmlD6KlXYlLZqrvycyLIyZiMh1CmyHZtmbif95ndTGN2HGZJJaKsliUZxyZBWaPY/6TFNi+cQRTDRztyIyxBoT6yIquRCC5ZdXSfOiGlxV/YfLSu02j6MIJ3AK5xDANdTgHurQAAIcnuEV3rwn78V79z4WrQUvnzmGP/A+fwDP8I/R</latexit>�v
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<latexit sha1_base64="30EvrDo1imF+xZcuS7IYCAlHSGU=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuKHoRgh70GCEvSJYwO+kkQ2YfzPSKccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+bEUGh3n28qtrK6tb+Q3C1vbO7tFe2+/oaNEcajzSEaq5TMNUoRQR4ESWrECFvgSmv7oZuo3H0BpEYU1HMfgBWwQir7gDI3UtYu1K5d2EB4xpbfQmHTtklN2ZqDLxM1IiWSodu2vTi/iSQAhcsm0brtOjF7KFAouYVLoJBpixkdsAG1DQxaA9tLZ4RN6bJQe7UfKVIh0pv6eSFmg9TjwTWfAcKgXvan4n9dOsH/ppSKME4SQzxf1E0kxotMUaE8o4CjHhjCuhLmV8iFTjKPJqmBCcBdfXiaN07J7Xnbuz0qV6yyOPDkkR+SEuOSCVMgdqZI64SQhz+SVvFlP1ov1bn3MW3NWNnNA/sD6/AGQJZJi</latexit>

T = 1 GeV
<latexit sha1_base64="+cLusz7FaOcwIL11yi52jOiU+dM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpKIRTdC0Y3LCvYBTQyTyaQZOpmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbDwwczjmXO/f4KaNSWda3sbC4tLyyWlmrrm9sbm2bO7sdmWQCkzZOWCJ6PpKEUU7aiipGeqkgKPYZ6frD67HffSBC0oTfqVFK3BgNOA0pRkpLnrnvMB0OkJdHDo5oAS+hbd3nJ43CM2tW3ZoAzhO7JDVQouWZX06Q4CwmXGGGpOzbVqrcHAlFMSNF1ckkSREeogHpa8pRTKSbT04o4JFWAhgmQj+u4ET9PZGjWMpR7OtkjFQkZ72x+J/Xz1R44eaUp5kiHE8XhRmDKoHjPmBABcGKjTRBWFD9V4gjJBBWurWqLsGePXmedE7rdqNu3Z7VmldlHRVwAA7BMbDBOWiCG9ACbYDBI3gGr+DNeDJejHfjYxpdMMqZPfAHxucPqAeWSw==</latexit>

�h� = 10�5
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❖ Do we understand the distribution functions of the dark 
matter if its mass is changing with temperature?

h�vi =

Z
�ve�E1/T e�E2/T d3p1d

3p2
Z

e�E1/T e�E2/T d3p1d
3p2

<latexit sha1_base64="GwNZE2oooCBW1OsPHCWt3FOcAOU="></latexit>

Gondolo, Gelmini (1990)

<latexit sha1_base64="hl1XdDc/IjC3680v30xrVMYcFI0="></latexit>

h�vi =
Z 1

4m2
�

ds
s
q
s� 4m2

�K1 (
p
s/T )

16Tm4
�K2(m/T )2

�v
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❖ Do we understand the distribution functions of the dark 
matter if its mass is changing with temperature?

1. Kinetic equilibrium

2. Reactions that establish kinetic 
equilibrium are faster than the mass 
change

3. Adiabatic condition: avoid 
nonperturbative particle production

<latexit sha1_base64="ReDNUPKDW9JtVez1z7ycb/YKm9I=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKInKXqwxwr2A5pQNtttu3Q3CbsTsYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZeEAuuwXG+rcLS8srqWnG9tLG5tb1j7+41dZQoyho0EpFqB0QzwUPWAA6CtWPFiAwEawWjm4nfemBK8yi8h3HMfEkGIe9zSsBIXfvAuyVSkq4H7BFSbWTI8BWude2yU3GmwIvEzUkZ5ah37S+vF9FEshCoIFp3XCcGPyUKOBUsK3mJZjGhIzJgHUNDIpn20+kDGT42Sg/3I2UqBDxVf0+kRGo9loHplASGet6biP95nQT6l37KwzgBFtLZon4iMER4kgbuccUoiLEhhCpubsV0SBShYDIrmRDc+ZcXSfO04p5XnLuzcvU6j6OIDtEROkEuukBVVEN11EAUZegZvaI368l6sd6tj1lrwcpn9tEfWJ8/SJuWMQ==</latexit>

�scatt > H

<latexit sha1_base64="fY8ZjJK250i/NP3aiL6LNWdq+o8=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRJRdCVFF7qsYB/QhDCZTtqhM0mYuRFL6B+48VfcuFDErVt3/o3Tx0JbDwwczrmHO/eEqeAaHOfbKiwsLi2vFFdLa+sbm1v29k5DJ5mirE4TkahWSDQTPGZ14CBYK1WMyFCwZti/GvnNe6Y0T+I7GKTMl6Qb84hTAkYK7EPvmkhJAg/YA+TayDDEF9iLFKE59joJYImHMrDLTsUZA88Td0rKaIpaYH+ZLM0ki4EKonXbdVLwc6KAU8GGJS/TLCW0T7qsbWhMJNN+Pr5niA+M0sFRosyLAY/V34mcSK0HMjSTkkBPz3oj8T+vnUF07uc8TjNgMZ0sijKBIcGjcnCHK0ZBDAwhVHHzV0x7xFQBpsKSKcGdPXmeNI4r7mnFuT0pVy+ndRTRHtpHR8hFZ6iKblAN1RFFj+gZvaI368l6sd6tj8lowZpmdtEfWJ8/fs6cTA==</latexit>

�scatt >
ṁ

m

<latexit sha1_base64="EC/9FHtew/Atp5gPiordIawM5zA=">AAACC3icbZC7TsMwFIadcivlFmBksVohMVVJBYKBoYKFsUj0IjUhchyntWo7ke0gVVF3Fl6FhQGEWHkBNt4Gt80ALb9k6dN/ztHx+cOUUaUd59sqrayurW+UNytb2zu7e/b+QUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHQ9rXcfiFQ0EXd6nBKfo4GgMcVIGyuwq14sEc5hBHng4SGFE8MaTuBlYdw3Arvm1J2Z4DK4BdRAoVZgf3lRgjNOhMYMKdV3nVT7OZKaYkYmFS9TJEV4hAakb1AgTpSfz26ZwGPjRDBOpHlCw5n7eyJHXKkxD00nR3qoFmtT879aP9PxhZ9TkWaaCDxfFGcM6gROg4ERlQRrNjaAsKTmrxAPkQlHm/gqJgR38eRl6DTq7lnduT2tNa+KOMrgCFTBCXDBOWiCG9ACbYDBI3gGr+DNerJerHfrY95asoqZQ/BH1ucPsCGZiw==</latexit>

dm�

dt
< m2

�

Consistent thermal averaging


